Epileptic seizures are due to abnormal synchronized neuronal discharges. Techniques measuring electrical changes are commonly used to analyze seizures. Neuronal activity can be also defined by concomitant hemodynamic and metabolic changes. Simultaneous electroencephalogram (EEG)-functional MRI (fMRI) measures noninvasively with a high-spatial resolution BOLD changes during seizures in the whole brain. Until now, only a static image representing the whole seizure was provided. We report in 10 focal epilepsy patients a new approach to dynamic imaging of seizures including the BOLD time course of seizures and the identification of brain structures involved in seizure onset and discharge propagation. The first activation was observed in agreement with the expected location of the focus based on clinical and EEG data (three intracranial recordings), thus providing validity to this approach. The BOLD signal preceded ictal EEG changes in two cases. EEG-fMRI may detect changes in smaller and deeper structures than scalp EEG, which can only record activity form superficial cortical areas. This method allowed us to demonstrate that seizure onset zone was limited to one structure, thus supporting the concept of epileptic focus, but that a complex neuronal network was involved during propagation. Deactivations were also found during seizures, usually appearing after the first activation in areas close or distant to the activated regions. Deactivations may correspond to actively inhibited regions or to functional disconnection from normally active regions. This new noninvasive approach should open the study of seizure generation and propagation mechanisms in the whole brain to groups of patients with focal epilepsies.
INTRODUCTION
An epileptic seizure is characterized by an abnormal and excessive synchronized discharge of a group of neurons that leads to clinical manifestations (motor, sensory, autonomic, or psychic symptoms). The current way to visualize this abnormal neuronal activity in patients is to study the electrical changes using the electroencephalogram (EEG). However, neuronal activity can be defined by electrical changes as well as by hemodynamic and metabolic changes [Logothetis, 2008; Ugurbil et al., 2003] . It has been suggested that metabolic changes may precede visible electrical changes in some cases [Baumgartner et al., 1998; Zhao et al., 2007] . Although the order of occurrence and the relationship between the neuronal and the metabolic and hemodynamic components are not completely known, the study of the latter could provide different insights regarding brain activity during seizures. Until now, low-temporal resolution reduced the interest of the hemodynamic and metabolic measurements during seizures, in contrast with the high-temporal resolution and dynamic aspects of EEG investigations. Development of a new technique with high spatial and temporal resolution would be helpful in understanding the ictal epileptic process. This could remove uncertainties left by the electrical analysis approach, still limited by low-spatial resolution for scalp EEG and limited sampling for intracerebral EEG. Thus, although focal seizures are thought to originate from a small brain region, the epileptic focus, the recent literature has emphasized the existence of epileptic networks of uncertain extent as the source of focal seizures [Bartolomei et al., 2008; Nair et al., 2004] . One of the main reasons for these continued controversies and uncertainties is that there is no means to measure electrical activity simultaneously in the whole brain. This limitation of the EEG technique reduces as well the potential explanatory role of ictal propagation studies with EEG. During seizures, some clinical signs may be difficult to explain by electrical analysis alone: negative symptoms, such as cognitive disorders for instance, could be more related to hemodynamic and metabolic dysfunction than to electrical changes.
In this study, we propose a method that addresses the fundamental limitations of intracerebral EEG, the actual gold standard for focus localization in humans, spatial undersampling, and invasiveness. By combining EEG and functional MRI (fMRI), it has been possible to study, in the whole brain and noninvasively, the metabolic correlates of interictal epileptic discharges [Gotman, 2006; Lemieux, 2004] . Previous studies have described the application of this method to short epileptic seizures [Di Bonaventura et al. 2006a,b; Federico et al., 2005; Kobayashi et al., 2006a; Salek-Haddadi et al., 2002 , 2003 Tyvaert et al., 2008] , providing a nondynamic image collapsed over time of the whole seizure, mixing onset, and propagation, similarly to what is possible with SPECT [Van Paesschen et al., 2007] although with higher spatial resolution. We propose an approach to the analysis of EEG-fMRI data that allows following the evolution of a seizure with 2-s time resolution and 5-mm spatial resolution, thus providing a unique view of the onset and the propagation of epileptic seizures with data obtained from the whole brain of humans, non-invasively. The method provides information on regions with increased or decreased metabolism and thus allows tracing the evolution of seizure activity and its effects.
EXPERIMENTAL Subjects
The database of 3 T EEG-fMRI recordings performed at the Montreal Neurological Institute and Hospital from May 2006 to June 2008 includes 93 focal epilepsy patients recruited because of a frequent interictal epileptiform activity seen on a previous EEG. None was recruited because of a high probability of seizure occurrence and no specific action was taken to increase this probability (drug reduction or sleep deprivation). We selected from this group 17 patients who had a spontaneous ictal EEG discharge during the EEG-fMRI recording. Patients gave written informed consent in agreement with the local ethics committee procedure.
The occurrence of typical clinical signs simultaneously with EEG changes could not be used as the only criterion to define ictal EEG discharges, because subtle clinical changes could be missed inside the scanner even with video monitoring. In three patients (3, 7, and 8) typical clinical signs were observed during the EEG discharge (Table II) . For others, we defined as ictal a sustained rhythmic EEG change clearly distinguished from background and from interictal activity and similar to discharges recorded earlier during routine or telemetry EEGs. Compared with brief interictal discharges, ictal discharges were longer (≥6 s) and included a propagation pattern of the rhythmic component. The duration of 6 s was used for the definition of ictal events in our population even if in the literature very short ictal events have been reported [Asano et al., 2005] . All EEG discharges selected in our patients fulfilled these criteria. To analyze the time course of these events, we excluded patients with unclear seizure boundaries (onset/end), recordings with large motion (superior to 1 mm in translation or 1° in rotation) and to facilitate the final interpretation, patients with brain resection. In total, seven patients were excluded (one for unclear boundaries and surgery and six for motion). Ten patients were analyzed (Tables I and II) .
EEG-fMRI Recording
The EEG signal was recorded using 25 scalp MR compatible electrodes placed using the 10-20 international EEG system. FCz was the reference and the electrocardiogram was recorded with two electrodes placed on the back. The head was maintained in position with a combination of vacuum pillow and foam cushions (Siemens, Germany) to improve patient comfort and to reduce movement artifacts. Data were transmitted from a BrainAmp amplifier (Brain Products, Munich, Germany, 5 kHz sampling rate) via an optic fiber cable to the EEG monitor located outside the scanner room.
EPI functional images were acquired in a 3 T MR scanner (Siemens, Trio, Germany). A T1 weighted anatomical image (1-mm slice thickness, 256 × 256 matrix; TE = 7.4 ms and TR = 23 ms; flip angle 30°) was used for superposition with the functional images. For functional data, 6-15 runs of 6 min each were acquired in T2* weighted EPI sequence (voxel dimensions 5 × 5 × 5 mm, 25 slices, 64 × 64 matrix; TE = 30 ms and TR = 1750 ms; flip angle 90°).
Patients were recorded at rest during up to 2 h inside the MRI. A video camera and the EEG signal (with the gradient artifact filtered online) were used by a neurologist to monitor the patient during the entire recording. In case of clinical seizure, clinical signs were carefully collected. To avoid physically injury, the recording was stopped and the patient extracted of the machine in case of large movements or if the start of secondary generalization could be observed on the EEG. No specific drug reduction, sleep deprivation, or other seizure induction method was performed.
Data Processing
The EEG signal was secondarily processed off-line using Brain Vision Analyser software (Brain Products, Munich, Germany) with correction of the gradient artifact and filtering of the EEG signal [Allen et al., 2000] . A 50-Hz low-pass filter was applied to remove the remaining artifact. Independent component analysis was used to extract the ballistocardiogram artifact [Bénar et al., 2003] . After correction of the EEG, a neurologist reviewed the signal. Epileptiform events were marked according to their type, location, and duration. For this study, specific attention was placed on prolonged epileptiform discharges (≥6 s) associated or not with clinical signs. In the latter, onset and end of the events were defined by the expert. For each patient, a single prolonged event was selected. In case of patients with several such events, we chose the longest with a clear electrical spatial propagation pattern.
The EPI images were motion corrected by linear six-parameter rigid-body transformations (three translations and three rotations) and smoothed (6-mm full width at half maximum) using the software package from the Brain Imaging Center of the Montreal Neurological Institute (http://www.bic.mni.mcgill.ca/software/). Temporal autocorrelations were accounted for by fitting a first-order autoregressive model according to the method of Worsley et al. [2002] , and low-frequency drifts in the signal were modeled with a third-order polynomial fitted to each run. As residual motion artefacts may still contaminate the fMRI data even after motion correction [Friston et al., 1996] , the six parameters used for realignment were integrated in the analysis as confound regressors.
Analysis of the Time Course of BOLD Changes
Different regressors for each type of epileptiform events (excluding the selected prolonged discharge) were built using the timing and the duration of each event and convolved with the standard hemodynamic response function [HRF, Glover, 1999] . These regressors were considered as confounds. For the selected ictal discharge, a basis set was created from successive gamma function regressors of full-width at half-maximum of 2 s peaking from minus 9 s before the EEG discharge onset to 10 s after the end of the expected end of the hemodynamic response of the discharge (timing at the end of the EEG discharge + 5.4 s (HRF) + 10 s) (Fig. 1 ).
All these regressors were considered in the same general linear model. We performed a multiple regression analysis on the 6-min run including the selected discharge. Separate analysis of the statistical significance of each individual 2 s regressor may not reveal interesting results because of a low-signal-to-noise ratio. We thus applied successive F-tests on groups of three consecutive regressors (windows of 6 s) with 4 s of overlap between windows (Fig. 1) . This resulted in F-maps every 2 s. For each patient, the maps were thresholded at P < 0.001 (uncorrected), and a spatial extent threshold on the activated clusters was then applied to obtain P < 0.05, corrected for the multiple comparisons resulting from the number of voxels in the brain (using random field theory, [Friston et al., 1994] ) and the use of multiple intervals for the F-tests (Bonferroni correction). These thresholds were different for each patient since the number of F-maps depended on the duration of each seizure. Threshold values are in Table II . For each voxel, the direction of the BOLD change was defined as the sign of the average effect of the three regressors included in the F-test (positive for activation, negative for deactivation). We therefore obtained for each patient the time course of BOLD changes every 2 s before, during and after the ictal period.
The F-map results were represented using the following scale: red-yellow scale corresponding to positive BOLD changes (activations) and blue-white scale to negative BOLD changes (deactivations). The F-maps were labeled with the peak time of the central basis regressor of the three included in the F-test.
We calculated for each 6 s F-map window the volume of activation and deactivation (number of voxels with a significant F-value) inside a brain mask automatically generated from the anatomical MRI of each patient [Smith, 2002] .
To compare the durations of BOLD signal changes with EEG discharge durations and the timing of the first activation with the timing of the first deactivation, we used a paired samples t-test with a significance threshold of P < 0.05.
RESULTS

BOLD and EEG Time Courses
For each ictal event, we obtained BOLD responses (activation and deactivation). On average these BOLD changes started 5.2 ± 2.6 s after the onset of the EEG discharge. Given the delay of 5.4 s due to the HRF, BOLD signal changes therefore started in correspondence with EEG discharge onset. BOLD activity returned to baseline 28.8 ± 12.9 s after EEG onset, for a mean BOLD discharge duration of 19.4 ± 14 s (the expected end of hemodynamic response related to the discharge was 24.8 ± 14 s). BOLD signal changes persisted after the end of the EEG discharge in two cases (4 and 9). But in general durations of EEG discharges and BOLD signal changes were highly correlated (r = 0.99, P < 0.0001).
Every 2 s, the volumes of activation and deactivation (number of voxels with a significant Fvalue) in cerebral structures were measured. These volumes changed with a bell-shape curve in most of the patients (less clear for 4 and 10) (Fig. 2) . From the baseline, the volume increased gradually until a maximum and decreased to the previous baseline. The variation of volume involved activated and deactivated voxels.
First Activation Location: The Seizure Onset Zone?
We studied the location where the first significant BOLD activation [(activation obtained in the first F-map showing significant positive BOLD changes (corrected P value)] was observed in each patient. We believed that this structure could define the seizure onset zone. To validate this hypothesis, we examined different features of this zone: its spatial extent, its concordance with the clinical data available for each patient, and the duration of its activity.
Spatial extent-For each patient, we obtained a limited extent of the first activation: it involved more than one region in three (examples in Figs. 3 and 4) and was very focal (localized to a single brain area) in 7 of 10 patients (examples in Figs. 5 and 7). A bilateral activation was obtained in the two patients with double cortex (4 and 5) (Fig. 3) , and bifrontal activation was observed in patient 1 with a normal MRI (Fig. 4) . On average, the extent of the first activation area was 38.6 ± 51.7 voxels (Table III) . Excluding two patients (1 and 4) with respectively 119 and 150 voxels activated, the other eight patients presented 14.6 ± 9.5 activated voxels in the first activation area. For these two patients, a subthreshold analysis described below (same section: duration) yielded a presumed seizure onset volume of 14 and 15 activated voxels, respectively. Fifteen voxels represent a little less than 2 cm 3 .
Concordance with clinical data-A neurologist expert in epilepsy provided the estimated focus location based on a standard evaluation, including seizure semiology, anatomical MRI, interictal and ictal scalp EEG, and intracranial EEG if available (Tables I  and II) . We compared this estimated focus location and the location of the first significant BOLD activation in each patient (Table III) . We declared concordance when measures were located in the same side and the same lobe. In nine cases (all patients except patient 10), the location of the first activation was concordant with the estimated focus location. Clinical and electrophysiological data provided for patient 10 did not allow us to reach a clear conclusion concerning focus location. The left hemisphere atrophy and the initial right body weakness suggested a seizure generation in the left hemisphere. However, the clinical signs during recent seizures involved the left side and scalp EEG abnormalities predominated in the right frontotemporal areas during ictal and interictal events. A right hemisphere involvement (focus or only propagation) therefore appears to be clear at present. Our EEG-fMRI results did not contradict these observations. In two cases (4 and 5), the focus location was concordant with the clinical and electrophysiological data but was outside the lesion observed on anatomical MRI.
Three patients (6, 7, and 10) underwent intracranial study in the context of a presurgical exploration (6 and 10) or during surgery (7). In patient 6 (Figs. 5 and 6), the contacts of the depth electrodes aiming at the malformation of cortical development in the right parietotemporo-occipital region recorded the seizure onset. The first activation was located in the malformation (right parieto-temporo-occipital region) and corroborates the intracranial results for the focus location. In patient 7, peroperative ECoG recording from the right mesial frontal and frontopolar area showed sustained spiking discharges overlying an abnormal gyrus defined as dysplastic after the surgery. This area coincided with the first activation location. Concerning patient 10, the cortical recording done with four strips of six contacts placed over the left frontotemporal convexity was unable to distinguish a clear focus: the epileptiform activity was recorded at the same time at different locations, being diffuse at onset. Technical problems with two of four strips made also the interpretation difficult. Moreover, seizure semiology recorded during the intracranial study provided arguments for right epileptic activity during the seizure. The first BOLD activation was seen in the right hemisphere and did not contradict these findings. This patient had a meningoencephalitis during early childhood, which may have injured both hemispheres but with a more severe left side gray matter damage and atrophy that may reduce the likelihood of seizure generation. In conclusion, our EEG-fMRI results are in excellent agreement with the intracranial studies of two patients and do not contradict the uncertain third study.
Duration-To estimate the duration of the activation in the focus, we calculated the number of successive F-maps where a significant activation remained at the location of the first significant activation. On average, the structure involved in the first activation continued to be active in 6.5 consecutive F-tests (range, 2-15), corresponding to 13 s. Given our method of a 6-s sliding window with 4 s overlap, the activation in the original focus has to be observed in at least four consecutive F-tests to support the hypothesis of a sustained activity without redundancy. Two patients (3 and 5) did not fill those criteria with only two and three successive F-tests with activation in the focus, respectively.
To extend the above analysis, we looked at the location of the maximum F value (activation) in the F-map preceding the one with the first significant activation. If this maximum F-value was in the same area as the defined focus, we considered this subthreshold activation as valid, because the probability that this was by chance was very small: considering the large number of voxels mapping the brain (about 8,000), the activation observed in a similar small area in two nonoverlapping windows is very unlikely to be obtained only by chance: if the first significant activation (e.g., in peak 1) is made of a cluster of 10 voxels, the probability that the peak voxel of the preceding nonoverlapping window (peak −5) belongs to this cluster by chance is 10/8,000 = 0.001). This analysis was performed in nine of the 10 patients, patient 10 was excluded because of the confounding effect of the hemodynamic response of the interictal event occurring before the ictal discharge. Seven of these nine patients had, in the preceding F-maps, a peak F-value in the focus defined by the first significant activation (patients 1-5, 8, and 9; mean 1.5 F-maps; range, 1-4, corresponding to 3 s; examples on Figs. 3-5). Including this subthreshold activation, the activity in the defined focus could be followed in 7.9 consecutive F-maps on average (range, 3-19), corresponding to 15.8 s. Patient 3 was finally the only one to fail the criterion of four consecutive activations in the same region, as defined earlier.
In two cases (4 and 9), the maximum activation was consistent in four F-maps before de first significant activation F-map. Activation in the focus could be observed at −5 s for patient 4 and at −3 s for patient 9. BOLD changes could thus be observed before the EEG onset in these two cases. The duration of BOLD changes was longer than the EEG seizure in one case (4) (Fig. 3) : while the BOLD changes started at the beginning of the expected hemodynamic seizure onset, it persisted 20 s after the end of the expected hemodynamic effect of the EEG discharge.
Propagation Pathways
We evaluated structures activated during the ictal discharge propagation. Propagated activation was observed immediately after the first significant activation F-test. Two patterns of propagation could be distinguished (Figs. 3-5 and 7): (1) local and homolateral; (2) contralateral (bilateralization). Only patient 10 presented a secondary multifocal activation, which did not correspond to an extension of the primary focus. The other patients showed local extension of the primary activation and contralateral activation. Concomitant with the contralateral extension of the activation, we observed activation of midline structures such as the thalami (5 of 9), anterior (3 of 9), and posterior cingulate area (2 of 9) (Figs. 4, 5, and 7 as examples). The thalami were usually involved late in the seizure time course (mean, 9.8 ± 3.6 s).
Deactivation: Spatio-Temporal Evolution During the Seizure
For each patient, we observed a negative BOLD response at some point during the seizure. In eight patients, the activation was the dominant response and on average occurred earlier (4.5 ± 1.8 s) than the deactivation (7 ± 2.4 s) (P = 0.028). The other two patients (3 and 5) presented a different pattern: the deactivation was much more prominent than the activation. The deactivation was sometimes located close to the activation and sometimes distant from it.
DISCUSSION
We propose a noninvasive method using a sliding window analysis, which provides a measure in the whole brain of the hemodynamic and metabolic changes occurring throughout a seizure with high-spatiotemporal resolution. We showed in patients with focal epilepsy that the BOLD signal was strongly correlated with the time course and the spatial extent of the ictal EEG. Also, by analyzing the time course of BOLD changes, the seizure onset could be separated from propagated activity. We demonstrated that the first activation was likely to reflect the region of seizure onset; its extent was limited and did not involve a complex network, such as that observed during propagation. This analysis revealed ictal activity in deep and small structures, and the spatiotemporal evolution of deactivation during the seizure.
An important goal of research in the epilepsy field is to find a noninvasive method that can define precisely with high-spatiotemporal resolution the seizure onset zone and the epileptic network. Current methods such as EEG, high-resolution EEG with source localization, ictal SPECT, and SISCOM (Subtraction Ictal SPECT Coregistred MRI) provide partial solutions. Intracranial EEG (iEEG) remains the gold standard for seizure onset zone location in patients with intractable focal epilepsy who are candidate for surgery. This method has a fundamental and serious limitation: it allows recording only from a small fraction of the total brain volume; each electrode records from its immediate vicinity and recording from a large fraction of the brain would require a large number of electrodes and be excessively invasive. It is therefore impossible to say whether a seizure appearing at some electrode contacts actually originates near these contacts or in fact originates at a distance, in a region without electrodes, and then propagates to the recording contacts. This is because it is not possible, by examination of an epileptic discharge in the EEG, to know with certainty if it represents the seizure onset or propagated activity [Sperling, 1997] . This uncertainty and limited spatial sampling are at the root of our lack of knowledge of the extent of the seizure generating region and may be the cause of some failures of surgical treatment. For the same reason, the iEEG is limited in its ability to follow the propagation of epileptic seizures. This does not imply that iEEG is not clinically useful, but that it has limitations [Engel et al., 1990; Sperling, 1997] . EEG-fMRI has been used in several ictal studies [Di Bonaventura et al., 2006a,b; Federico et al., 2005; Kobayashi et al., 2006a; Salek-Haddadi et al., 2002 , 2003 Tyvaert et al., 2008] . Contrary to interictal epileptiform events [Gotman et al., 2006 Lemieux, 2004] , single ictal discharges can be analyzed due to the large BOLD changes present during each seizure [Auer et al., 2008] , providing a high-signal-to-noise ratio (SNR). Seizures were until now analyzed with a bloc-design, assuming a stable hemodynamic response for the entire discharge and thus not accounting for its nonstationary and evolutionary nature. Results therefore mixed activity related to seizure onset and propagation. In this article, we propose a method to study the BOLD response during ictal events with a time resolution of 2 s and a spatial resolution of 5 mm. This method was validated on 10 patients who experienced seizures inside the MRI.
To validate our method, we demonstrated that the BOLD time course reflected directly ictal activity. First, the timing of the BOLD signal reflected the EEG discharge, taking into account the delayed hemodynamic response occurring after a neuronal discharge. Also, the volume of BOLD signal changes during the seizure followed a bell-shape curve and the typical spatial propagation pattern of epileptic discharges [Götz-Trabert et al., 2008; Pinto et al., 2005; Verma and Radtke, 2006] . We could separate the first significant activation from propagated activation. The first activation was likely to be located in the focus, the brain structure responsible for seizure generation. At present, there is no perfect way to define the true seizure onset location. IEEG recording is the most accurate method for focus localization [Engel et al., 1990] with the limitations mentioned earlier.
To confirm that the earliest activation is the "true" focus, we combined different criteria: (1) Spatial extent of the first activation: the seizure onset zone should be spatially limited compared to the entire epileptic zone [Pinto et al., 2005; Verma and Radtke, 2006] ; (2) Concordance of the location of the first activation with what is known of each patient's epilepsy; and (3) Duration of the activation inside the focus, which should remain activate during the seizure [Ebersole and Pacia, 1996] . For each patient, the first activation area had a limited spatial extent, although in three patients it involved more than one region: in two (4 and 5), the bilateral activation was explained by bilateral band heterotopia ("double cortex") and bilateral epileptic generator, and in the third (1), the bifrontal activation with a left-sided predominance suggested a left frontal primary focus with fast contralateral propagation as often seen in frontal lobe epilepsy. This was strengthened by the sub-threshold analysis, which provided a focal onset zone (one region) in two of these last three patients (1, 4, and 5). Furthermore, in all patients, the first significant activation was more localized than the subsequent activation, thus implying propagation. The first significant activation was largely located in the area of the expected focus defined by the expert. We can argue that this definition is uncertain in some cases without intracranial recording or surgical outcome. However, as currently in epilepsy, we defined the best fitting location with the only information available (clinical data, interictal and ictal EEG, and anatomical MRI) and based on expert knowledge. For patients 4 and 5, the activation involved the normotopic cortex overlying the band of heterotopic cortex. There is no evidence that the heterotopic cortex can generate ictal activity responsible for scalp EEG discharges and clinical signs [Bernasconi et al., 2001; Mai et al., 2003 ], but the isolated overlying cortex appears sufficient to generate seizures [Chen et al., 2000; Schottler et al., 1998 ]. Our results strengthen this hypothesis. In three patients, our findings largely agreed with the intracranial evaluation, showing similar locations of the focus. Finally, we generally observed a sustained activity in the focus, corroborating EEG observations of ictal activity from onset and throughout the ictal discharge [Ebersole and Pacia, 1996] . This was not the case for patients 3 and 5, who presented a different pattern of BOLD time course, with a nonevolutionary focal activation and a large deactivation. They both had occipital lobe epilepsy with diffuse slow waves dominating the ictal EEG signal. In these two cases, predominance of the deactivation may be explained by the particular EEG slow waves pattern. The meaning of deactivation is still not understood, but in some cases it has been associated with EEG slow waves and usually with decreased brain activity [Czisch et al., 2004; Kobayashi et al., 2006b ]. Considering all these results, we conclude that the first activation was in agreement with what we knew of the focus.
There is currently a debate about the anatomical and functional organization of the seizure onset zone. In contrast to the traditional concept of a spatially restricted seizure focus, a new concept of an extended neuronal network responsible for seizure generation has been proposed [Bartolomei et al., 2008; Nair et al., 2004] . This hypothesis was supported in part by more than occasional poor outcomes after surgical resection of the presumed focal onset zone and by the simultaneous involvement of different structures at the beginning of seizures observed in intracranial EEG. Current exploration methods with incomplete spatial sampling do not allow a resolution of this dilemma. Using our method, we could identify from the whole brain for each patient a small cortical area activated at seizure onset. This newly defined seizure onset zone was always compact and limited in volume. No specific neuronal network combining different cortical areas could be distinguished at the beginning. We suggest that a single structure is sufficient to start the seizure process. However, the concept of epileptic network was verified during propagation. The volume of activated voxels increased with involvement of surrounded cortical area or even distant and contralateral cortical regions. Different patterns of propagation were distinguished. Local or contralateral cortical regions were secondarily involved. Interestingly, the thalami were most of the time also involved but only late, after local cortical propagation. Involvement of the thalami could reflect the involvement of a cortico-thalamo-cortical pathway in the propagation of the seizure in contrast with cortico-cortical pathway. Contralateral propagation was seen with anterior or posterior cingulate or thalami activation, emphasizing the role of these mid-line structures in propagation. The involvement of the thalamic structures was assessed in the propagation of temporal lobe seizures using iEEG [Guye et al., 2006; Rosenberg et al., 2006] . We extended this finding to different types and to nontemporal seizures (where thalamic iEEG is not justified in the context of presurgical exploration). Further EEG-fMRI studies should be performed in different types of seizure with more patients to better delineate thalamic involvement. Finally, the seizure onset zone in association with secondarily activated areas could define this so-called epileptic network. Its definition remains crucial to better understand seizure propagation and semiology and to estimate the extent of regions exposed to a possible kindling process.
This technique can provide information about the epileptic network, but the meaning of all BOLD changes, especially those located in distant areas is not clear yet. This technique explores hemodynamic and metabolic changes that occur specifically during the ictal EEG discharge. However, these changes could be related directly to the electrical discharge or related to global brain activity changes (attention and consciousness fluctuation, for example). At this time, we cannot discriminate these two possibilities. Some of the distant areas are clearly involved in the ictal discharge, because they are part of well-defined epileptic networks. The involvement of the others has still an unclear meaning. However, deactivation more than activation seems correlated with reduced brain activity such as decreased attention [Schridde et al., 2008] . This has been observed during generalized epileptic discharges [Gotman et al., 2005] .
The proposed method provides information about ictal activity that is not accessible with other explorations. First, we observed the seizure time course not only at the electrical level but also at the hemodynamic and metabolic levels. There were expected differences between the scalp EEG, which records activity from superficial and large cortical areas [Tao et al., 2007] and the BOLD signal reflecting hemodynamic and metabolic changes in the whole brain. Moreover, the order of occurrence and the exact relationship between the electrical and BOLD changes during the neuronal activity at the seizure onset are not known. BOLD changes could occur before the onset or after the end of the scalp EEG discharge. These BOLD changes however are susceptible to be invisible with the usual statistical threshold considering their low SNR. The activity related with the early seizure onset is characterized by a lower activity (electrical, hemodynamic, and metabolic changes) in accordance with the relative smaller number of neurons implicated in the process compared to the rest of the seizure firing in a larger brain area. We used an exploratory approach to observe the earliest BOLD increase with a lower statistical threshold than used in the standard analysis. The reliability of the activation observed with this new threshold is supported by its reproducibility in consecutive F-maps. We choose to lower the threshold but another way to correct the SNR issue would be to perform a study on several seizures. This allowed us to observe an early onset, preceding the electrical onset. In two cases (4 and 9), BOLD changes appeared in a small region before the electrical discharge. This result agrees with the hypothesis that metabolic changes may precede visible electrical changes [Baumgartner et al., 1998; Zhao et al., 2007] . Structures involved in the seizure onset may be small or deep and thus not visible on scalp EEG or the metabolic and hemodynamic changes are the first event in the seizure process. Further studies should be conducted to explore these hypotheses. In one case (4), BOLD changes persisted 20 s after the electrical discharge (Figs. 2 and 3 ). According to our BOLD changes map, it is interesting to notice that during this last period (with no EEG changes), BOLD changes did not include superficial cortex any longer. Only deep structures were involved and especially the heterotopic part of the double cortex. This is a good example of the potential interest of EEG-fMRI study in epilepsy, the EEG being blind to some deep ictal or interictal activities. The analysis of BOLD changes provides complementary information to the EEG to understand the generation and propagation processes.
Second, deactivations were demonstrated dynamically during seizures. Deactivation was reported in the surrounding of and at distance from the focus during interictal [Kobayashi et al., 2006b ] and ictal studies [Kobayashi et al., 2006a; Tyvaert et al., 2008] . In our study, deactivations occurred after the first activation in close and distant areas from the regions activated at the onset and during propagation. This could imply that deactivation occurs secondarily to activation. For patients 3 and 5 who presented an early and large deactivation compared to activation, the spatial extent still remained around the activation zone. Deactivations could correspond to actively inhibited regions [Chatton et al., 2003; Stefanovic et al., 2004] or to regions having reduced activity as a result of functional disconnection from normally active regions [Logothetis, 2003; Schridde et al., 2008] , and possibly explain negative seizure symptoms. This method is limited to patients with relatively frequent seizures, either electrical or clinical with limited motion. Most of our patients presented in the scanner electrical or small clinical seizures. Recent publications emphasize the interest of these minimal seizures to localize the seizure onset zone [Sperling and O'Connor, 1990; Zangaladze et al., 2008] . They showed that subclinical seizures probably share the same source as clinical seizures [Sperling and O'Connor, 1990; Zangaladze et al., 2008] and that differences between subclinical and clinical seizures may only relate to the spatial extent of the discharge [Babb et al., 1987; Wennberg and Lozano, 2002] . In EEG-fMRI, the difference between the two types of seizures would affect mostly the extent of BOLD changes involved in the propagation process. To confirm this hypothesis, a comparative EEG-fMRI study of subclinical and clinical seizures from each patient would have to be done.
This study showed results concerning a single seizure per patient. The reproducibility was not evaluated. BOLD changes related to several seizures obtained for each patient should be compared to address this question. However, EEG seizure discharges are never identical in terms of duration, spatial extent, and frequency components. Further studies should be conducted to explore the reproducibility of this technique and the impact on BOLD changes of the spatial and frequency fluctuations of the electrical discharge.
Because fMRI measures hemodynamic and metabolic changes reflecting neuronal activity simultaneously in the whole brain, small, deep, or superficial sources can be equally detected when electrical changes are seen on the surface. This might allow defining precisely the timing and location of the seizure onset. Analyzing the ictal BOLD signal time course might enhance our understanding of seizure generation and propagation. This new method, free from the limitations of intracerebral EEG (invasiveness and limited spatial sampling) could open the study of seizure generation and propagation mechanisms to groups of patients with focal or generalized epilepsies. Sliding windows analysis of the ictal discharge. On the scalp EEG, an expert indicated seizure onset and end. The peak of the expected hemodynamic response related to the seizure starts 5.4 s after the onset and finishes 5.4 s after the end of the discharge. Successive gamma function regressors having a full-width at half-maximum of 2 s and separated by 2 s were used as separate regressors from −9 s before the discharge onset until 10 s after the end of the expected hemodynamic effect of the electrical discharge (this end takes place 5.4 s after the end of the electrical discharge). The number of regressors applied in the general linear model analysis therefore depended on the duration of each seizure. All these regressors were merged in the same general linear model analysis (regressors for interictal events, motion, and drift were also included as confounds). Successive F-tests were applied on t-value results obtained for three consecutive 2 s models. Each F-test reflected results in a 6-s window. These windows overlapped by 4 s, providing a F-value every 2 s. The number of F-tests depended on the number of regressors used. The statistical threshold was corrected for the number of voxels and for the number of F-tests used for each patient. Time course of the cerebral volume involved in BOLD changes. The total number of voxels located in the brain involved either in activation (red line) or deactivation (blue line) is measured during and around the epileptiform ictal discharge. The duration and timing of the hemodynamic response expected from the ictal EEG event appears in gray (the time and duration of the electrical changes were convolved with the standard HRF). The vertical scale is different for each patient to facilitate visual analysis. Patient 4: A: Electrical seizure lasting 13.1 s recorded during EEG-fMRI test. Right temporoparietal and occipital discharges propagating to the left homologous regions observed in a referencial montage (reference FCz). B: F-maps obtained on 6-s windows data every 2 s. No response between −7 and 3 s; this line is used to show the anatomical MRI and bilateral band heterotopia predominating over parietal, occipital and temporal areas, maximum on the right side (white arrow heads). First significant activation (yellow-red scale) starts at peak 5 with a bilateral involvement of the cortex surrounding the heterotopic band. There is a late involvement of the lesion (starting at peaks 11-13 only). Deactivation (white-blue scale) appears mostly in the second part of the seizure, at first around the first activation area and later around the propagated activation areas (maximum on the right side, as the activation). C: After lowering the statistical threshold to 3.5, successive F-maps preceding the first significant activation map (peak 5) showed new activation located in a similar area as the first significant activation. From peak −3 to peak 1, the activation was unilateral and more focal over the right temporal region. Patient 1: A: Electrical seizure recording lasting 12.5 s during EEG-fMRI test. The ictal discharge started with left frontotemporal spiking activity observed in a referential montage (reference FCz) (left frontotemporal predominance more visible on average reference montage in B). C: The first significant activation started at peak 7 with early bifrontal involvement but left predominance. A secondary involvement of the thalami was observed (peaks 11, 13, and 15). The deactivation was located mostly near the onset area and the areas of propagation. D: After lowering the statistical threshold to 3.5, successive F-maps preceding the first significant activation map (peak 7) showed activation located in a similar area as the first significant activation. However, this early activation was much more focal over the left superior frontal gyrus and did not spread to the right. Patient 6: A: Electrical seizure lasting 12.3 s recorded during EEG-fMRI test. In a referential montage (reference FCz), the seizure started with a rhythmic spike and slow wave discharge over the right posterior quadrant followed by a short attenuation and bilateral spiking activity with a clear right predominance (persistence of slow waves on the right side). B: No response between −7 and 1 s; anatomical MRI shows gray matter heterotopia combined with an abnormal overlying cortical gyration visible in the right posterior quadrant (white arrowheads). The first significant activation started at peak 3 in a very focally in the lesion. The propagation of the activation was first focal and then bilateral with an involvement of the thalamus at peak 9. The deactivation was seen in areas close to and distant from the activated regions. In the map preceding peak 3 (first significant activation), no activation could be obtained in the first defined focus by lowering the statistical threshold. Patient 2: A: Electrical seizure lasting 10.6 s recorded during EEG-fMRI test. In a referential montage (reference FCz), the seizure started with left temporal sharp waves followed by a clear 11-12 Hz discharge also over the left temporal area. A decrease in frequency with left frontotemporal slow waves was seen at the end of the seizure. B: The first significant activation started at peak 5 very focally in the left posterior hippocampus and parahippocampal gyrus. The propagation of the activation was first and mainly homolateral, with later minimal bilateral involvement of the anterior and posterior cingulate areas at peak 11. A deactivation was seen late and distant from the focus. C: After lowering the statistical threshold to three, successive F-maps preceding the first significant activation map (peak 5) showed new activation located in a similar area as the first significant activation. Mean ± SD 38.6 ± 51.7 5.6 ± 3.1 26.8 ± 11.9
7.4 ± 2.4 28.3 ± 13.3
The start and end times represent the time of the F-map; for instance, a start time at 5 s represents a BOLD change occurring at the same time as the EEG onset, given the 5.4 s hemodynamic delay. R, right; L, left; Bil, bilateral; T, temporal; F, frontal; C, central; P, parietal; O, occipital.
